By incorporating parametric instabilities of lower hybrid (LH) waves into a ray-tracing FokkerPlanck code, accurate simulations of the LH deposition profiles are provided, which are useful for interpreting the long-lasting internal transport barriers (ITBs) sustained by lower hybrid current drive (LHCD) on JET (Joint European Torus). Utilizing the new model, the simulation of the q-profile evolution results in agreement with that provided by the motional Stark effect reconstructed equilibria. Low magnetic shear (s 0) is produced by LHCD in a layer close to the ITB radial foot. How to employ a steady state lower hybrid current drive (LHCD) [1] to sustain the profiles needed for advanced-tokamak scenarios is one of the most critical present issues in tokamak physics. Long-lasting internal transport barriers (ITBs) [2 -4] were produced for the first time in the JET (Joint European Torus) utilizing a moderate LH-driven current fraction (30%) combined with the main heating power. High central electron (8 keV) temperatures with broad radial profiles (3 keV at the flux coordinate 0:7) were obtained. These experiments indicated that most of a LH-driven current is deposited close to the radial ITB foot, in the outer half of the plasma, where a low magnetic shear (s 0) is produced [4] . A similar result has also been reproduced in JT60-U [5] . A modeling of the radio-frequency deposition profile useful in interpreting the long-lasting ITBs is required to allow extrapolations of the LHCD effect to advanced-tokamak scenarios. This Letter shows that considering the spectral broadening, induced by parametric instability (PI) [6 -15] in a ray-tracing Fokker-Planck code [16] , allows the determination of the deposition profile with greater precision than previously attempted models, providing an explanation of the existing results on the LHCD-sustained ITBs. In addition, the effect of PI in broadening the n k spectrum launched by the antenna addresses the long-lasting debate over bridging the socalled ''spectral gap'' in LHCD [17] [18] [19] [20] [21] (n k is the refractive index component along the toroidal direction).
How to employ a steady state lower hybrid current drive (LHCD) [1] to sustain the profiles needed for advanced-tokamak scenarios is one of the most critical present issues in tokamak physics. Long-lasting internal transport barriers (ITBs) [2 -4] were produced for the first time in the JET (Joint European Torus) utilizing a moderate LH-driven current fraction (30%) combined with the main heating power. High central electron (8 keV) temperatures with broad radial profiles (3 keV at the flux coordinate 0:7) were obtained. These experiments indicated that most of a LH-driven current is deposited close to the radial ITB foot, in the outer half of the plasma, where a low magnetic shear (s 0) is produced [4] . A similar result has also been reproduced in JT60-U [5] . A modeling of the radio-frequency deposition profile useful in interpreting the long-lasting ITBs is required to allow extrapolations of the LHCD effect to advanced-tokamak scenarios. This Letter shows that considering the spectral broadening, induced by parametric instability (PI) [6 -15] in a ray-tracing Fokker-Planck code [16] , allows the determination of the deposition profile with greater precision than previously attempted models, providing an explanation of the existing results on the LHCD-sustained ITBs. In addition, the effect of PI in broadening the n k spectrum launched by the antenna addresses the long-lasting debate over bridging the socalled ''spectral gap'' in LHCD [17] [18] [19] [20] [21] (n k is the refractive index component along the toroidal direction).
The homogeneous analysis of parametric instability has been performed by solving the parametric dispersion obtained in the full kinetic framework of [8] 
where " is the dielectric function, ! indicates the complex frequency, k is the wave vector of the low frequency perturbation, and the suffix i 0; 1; 2 refers to the pump, the lower sidebands, and the upper sidebands, respectively. The plasma function contains the sum over many (100) harmonics of the ion-cyclotron frequency, allowing for accurate solutions of Eq. (1), which retains magnetized ions. The coupling coefficients 1;2 refer to the lower and the upper sidebands, respectively. Equation (1) is numerically solved in the complex frequency ! and in k ? . The following selection rules hold: k 2;1 k k 0 , ! Re2;1 ! Re ! 0 (the suffix Re denotes the real part), and the angle 1;2 k 1;2? ; k 0? is retained (k 0? k 0x , k 0y 0 is assumed, and x, y, and z correspond to the radial, poloidal, and toroidal directions, respectively). Any angle value between the group velocity of the sideband and pump can be considered to properly account for the convective losses (in particular, 1;2 0, k 1;2y 0). The radial profiles of the growth rate and of the frequency resulting from the solution of Eq. (1) (see Fig. 1 ) indicate that the instability is stronger in the scrape-off, close to the antenna-plasma interface (where the temperature is lower T e 10 eV). The plasma parameters of a typical LHCD-sustained ITB of JET [4] are utilized for the present analysis (see figure caption) . The ion-sound quasimode drives the instability (! & k k v the ) consisting of LH sideband waves with frequency shift from the pump of 10 ÿ3 -10 ÿ4 ! 0 and a growth rate 10 ÿ3 ! 0 . Both the lower and the upper sidebands' (" Re 1;2 0) growth in instability, as a small frequency shift of the pump and sidebands occurs [10] . The uncertainty of the scrape-off density and temperature profile (up to a factor of 2) determines the error bar on the growth rate profile (a higher T e produces a lower growth rate). A variation of the input parameters within those uncertainties does not greatly affect the growth rate profile.
The convective loss due to the finite spatial extent of the pump and plasma inhomogeneity has been considered to determine the fraction of pump power transferred to the sidebands [7, 8, 10, 14] . The spatial amplification factor A k i ; E 0 ; ! 0 ; ! 1 L=v gi , should be A > 1 for producing significant PI activity, thus determining the threshold of pump power density (L is the width of the pump region in the x, z plane, and v gi is the group velocity component of the sideband i 1; 2 in the direction perpendicular to that of the pump). Such a threshold (a few MW=m 2 ) is exceeded over the whole scrape-off layer for the considered experiments (performed with W LH 10 MW=m 2 ), producing A 5-15 for 1;2 10 . The distance L has been calculated by ray tracing of the pump and the sideband waves, whose mismatch in n k and in frequency enhances the convective loss. The convective loss due to plasma inhomogeneity, which produces a n 1k ÿ n 0k ÿ1 dependence on the amplification factor, has also been taken into account [10, 14, 15] . The pump depletion has been calculated considering its exponential dependence on the amplification factor [8] and decay waves excited by the thermal noise. As a result, for the scrape-off parameters of the experiment of JET (see the caption of Fig. 1 ), a fraction of about 10% of the pump power is deposited in the scrape-off layer on sidebands with n k 2:1-2:3. This fraction decreases at increasing n k (0.1% for n k 3), due to the increase of convective losses. For n k > 3:5, no depletion occurs as the pump power density goes below the threshold, thus determining a cutoff in n k of the LH power spectrum penetrating in the plasma bulk. Such a spectrum is compared in Fig. 2 with the spectrum launched by the antenna of the LHCD experiments of JET. The occurrence of the PI-induced spectral broadening is supported by measurements of radio-frequency probe signals and of density fluctuations at the edge by microwave reflectometry performed in LHCD experiments [11] [12] [13] 22] . Further details of the PI-induced spectral broadening analysis are related in Ref. [15] .
The modeling is performed considering the plasma parameters of the main heating phase (at t 6:5 s, as in Figs. 1 and 2) , in which the LHCD-sustained ITB occurs. The use of the standard ray-tracing FokkerPlanck model [15] requires two full ray passes, and the observed LH deposition is not determined with acceptable precision. A variation of the input parameters within their uncertainties [i.e., of density and temperature profiles (10%) and of the magnetic equilibrium (20%)] results in an 50% uncertainty in the determination of the radial location of the deposition peak, as shown in Fig. 3 . Similar results are obtained utilizing different LHCD ray-tracing (both 1D and 2D) codes [16, 23] . Conversely, when the spectral broadening produced by PI is included in the extended model, full LH power at the first full pass is deposited around 0:7. The radius of the deposition peak does not change significantly (10%) when variations of the input parameters within their uncertainties are considered.
The q-profile evolution can be modeled by the JETTO code [24] supplemented by the LHCD model, while considering the current profile produced by magnetic reconstruction in the early phase of discharge. A check is performed with the q profile provided by the EFIT code [25] conditioned by the motional Stark effect (MSE) diagnostic [26] . The modeled and the MSE q profiles are compared in Fig. 4 . Satisfactory agreement is found only when the spectral broadening is retained. The evolution of the modeled q profile during the main heating phase shows that a layer with s 0 persists for several seconds in the outer half of the plasma (at 0:7). These features are expected to prevent the causes of the ITB collapse [27] and to stabilize the turbulence [28] , and are consistent with the aforementioned well assessed behavior of the LHCD-sustained ITBs. Conversely, without LHCD applied during the main heating phase, the q evolves more rapidly and the s 0 layer moves inwards consistently with the advanced ITB collapse (occurring at the onset of a q 3 snake) [2 -4] . When the PI-induced spectral broadening is retained, a better simulation of loop voltage and internal inductance can be performed. The residual electric field, the fraction of noninductive current (60%), and an effective ion charge (2:4) have been considered in the modeling. The LH current drive efficiency is about 0.18 (10 20 A m ÿ2 W ÿ1 ) for 2 MW of LH power.
The operating conditions required to produce a significant PI-induced spectral broadening, therefore affecting the determination of the deposition profiles in present LHCD experiments, are also met in early current drive experiments: n k * 1:5, W LH * 3 MW=m 2 , scrape-off depth of a few centimeters, where ! pe * ! 0 and T e T i is in the range from a few eV to about 100 eV. A higher growth rate of the parametric instability is expected in early LHCD experiments [29] [30] [31] [32] operating with lower electron temperatures (1 keV) and higher LH pump electric field (typically 30 MW=m 2 ) than in JET [10 keV=10 MW=m 2 ]. A slightly bigger spectral broadening is produced (typically up to n k 5-7), which makes the current drive efficiencies consistent with the range of values experimentally measured. Operating at high densities ! pi ! 0 , while aiming at the LH ionheating scenario, results in a further enhanced broadening of the launched spectrum in the overdense and cold scrape-off layer, producing full deposition at the plasma periphery consistently with the experimental observations [33] . Further details on the compatibility of the present model with early experiments are shown in Ref. [15] .
In conclusion, including the edge physics of spectral broadening induced by parametric instability in a raytracing Fokker-Planck code, robust simulations of the q-profile evolution in good agreement with the diagnostics' measurements are provided, which explain existing results on long-lasting ITBs sustained by LHCD. A layer with low magnetic shear is produced in the outer half of plasma, consistently with both the radial foot location and with the time duration of ITB. Standard LHCD models that rely only on the multiradial reflections to bridge the n k gap do not succeed in modeling the experimental ITB results with sufficient accuracy. The spectral broadening is of interest for early heating and current drive LH experiments; its incorporation in the modeling allows one to explain the LHCD efficiencies as well as the greater off-axis deposition found when operating at high plasma densities. Conversely, reduction of the PI growth and enhancement of the plasma density limit for LHCD operation is expected, operating with low recycling and higher electron temperature at the edge (e.g., by vessel lithium coated [34, 35] ). In this condition, a proper tailor of the launched n k antenna spectrum (electronically achievable) would possibly allow a successful control of   FIG. 4 (color online) . Comparison of the q profile modeled by the JETTO code with inputs from the PI-extended LHCD code, at the same time point (t 4:45 s) of the available MSE q profile (a) including the PI effect, (b) neglecting the PI effect, (c) MSE q profile at a time point (t 4:45 s) between the end of the LHCD pre-heating phase (at t 4:0 s), and before the switch-on of the LHCD power (at t 5:8 s), in the main heating phase (see Refs. [2, 4] for further details of the operating conditions).
FIG. 3 (color online).
Comparison of the modeled LH-driven current density profile for the LHCD-assisted ITB of JET during the main heating phase (at t 6:5 s). The dashed and dash-dotted curves correspond to two results obtained using the standard modeling while considering the input experimental kinetic and magnetic reconstruction profiles at the extremes of their error bars. The dotted and dash-double-dotted curves are obtained in a similar way, but utilizing the PI-extended model. Plasma parameters as in Fig. 1 .
the LH deposition and of the magnetic shear profiles in the plasma. The use of the proposed extended LHCD model as a predictive tool will allow the design of experimental scenarios requiring the control of the q profile for improved stability and confinement in advancedtokamak regimes.
